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•  Project aims 
•  Background on facility 
•  Implementation of high-speed PIV on facility 
•  Sample results 
•  Outlook – including recent developments in high-speed PIV 
Outline 
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•  near wall flow structure of pipe flow so far has not been characterized 
through measurements, mainly due to finite size of probes 
•  for high-Re hotwire data is only available for wall distances y > 20+  
(SuperPipe Princeton) 
•  DNS only available at low Reynolds numbers 
 for pipe flows (Reτ,max ≤ 1050, Satake et al 2000),  
 for channel flow Reτ,max = 2000 (Jimenez et al., 2006) 
•  DNS difficult to perform using spectral methods due to singularity at center 
of pipe. 
•  CICLoPE facility offers combination of high Reynolds number and viscous 
scales that can be experimentally captured 
à application of PIV becomes possible  
•  Also: proof-of-concept for planned PIV measurements on inter-compressor-
duct in CleanSky2 Project 2-Shaft-Compressor 
Motivation 
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CICLoPE = Center for International Cooperation in Long Pipe Experiments  
www.ciclope.unibo.it 
Existing data / literature 
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Spectral scaling in boundary layers and pipes at very high Re 319
101 102 103 104 105 101 102 103 104 105 101 102 103 104 105
102
103
104
105
106
0
2
4
6
8
10
15
20
25
30
35
10–4
10–5
10–3
10–6
10–2
10–1
10010–3 10–2 10–1 10010–3 10–2 10–1 10010–3 10–2 10–1
0 0.5 1.0 1.5 2.0
I II III IV V I II III IV V I II III IV V
FIGURE 14. Contour plots of spectra in the boundary layer at Re⌧ = 5 ⇥ 103, 20 ⇥ 103
and 70⇥ 103. Lines show trends in the loci of peaks shown in figures 8 and 9; (dashed
lines), y+ = 10, 50, y+OSP, 0.15Re⌧ ;u, location of near-wall spectral peak. Location of outer
spectral peak:E, current data; ⇥, Mathis et al. (2009); +, Hutchins & Marusic (2007).
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FIGURE 15. Contour plots of spectra in the pipe at Re⌧ = 5⇥ 103, 20⇥ 103 and 70⇥ 103.
Lines show trends in the loci of peaks shown in figures 8 and 9; (dashed lines), y+ = 10,
67, y+OSP, 0.15Re⌧ ; u, location of near-wall spectral peak; E, location of outer spectral
peak.
Vallikivi et al. JFM, 2015 
Data from Princeton’s Super-Pipe Facility using NanoProbe 
30 µm NSTAP probe 
Reτ = 40000 à effective probe size 35 l+ !
Reτ = 70,000 	Reτ = 20,000 	Reτ = 5,000 	
Reynolds number range for various facilities 
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Fluid Dyn. Res. 41 (2009) 021407 A Talamelli et al
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Figure 1. Range of Reynolds number and viscous length scale of various pipe-flow experiments.
⇤: Wygnanski and Champagne (1973), air, D = 0.033m; M: van Doorne and Westerweel (2007),
water, D = 0.040m; •: Monty (2005), air, D = 0.0988m; N: Zagarola and Smits (1998),
compressed air, D = 0.129m; ⇥: Nikuradse (1932), water, D = 0.10m;  : University of
Cottbus (under construction), air, D = 0.19m; +: Laufer (1954), air, D = 0.123m; ⌅: CICLoPE
experiment, air, D = 0.90m. The highest Reynolds number for a DNS reported so far for turbulent
pipe flow is the one by Satake et al (2000) at R+=1050. For turbulent channel flow, Hoyas and
Jiménez (2006) have reported a DNS at h+ = 2003. The solid vertical line refers to the criterion of
a well-developed overlap region (R+ > 13 300, see section 2). Horizontal line gives the limit for
`⇤ > 10µm that is the minimum for sufficient spatial resolution. Hatched region of the upper right
corner shows where the criteria for both spatial resolution and high enough Reynolds number are
met. As seen the CICLoPE experiment is designed to work in this region.
A second channel flow facility located in the USA has been described by Christensen
and Adrian (2001). Dimensionwise it is similar to the one in Erlangen; it has a height of
50.8mm, a width of 514mm and a development length of 5500mm. It also has air as a flow
medium and has been primarily used for particle image velocimetry (PIV) measurements.
The highest Reynolds number reported was 1734. A third channel (100mm high, 1170mm
wide and 20 500mm long) is located at the University of Melbourne. Although it is capable
of nearly doubling the highest Reynolds number achieved with the other two channels, no
published data are readily available.
We should also point out that the Reynolds numbers achieved through DNS of channel
flow, although still below that obtained in experiments, are steadily increasing. For instance,
the one reported by Abe et al (2004) had a Reynolds number of 1020 and the one by Hoyas
and Jiménez (2006) was as high as 2003. The results from the DNS have compared favorably
with measurements from the two channel experiments described above, and confirm the need
for higher Reynolds number experiments with improved spatial resolution.
7
Princeton Super-Pipe 
Working: fluid air 
Pressure: up to 200 bar 
Diameter: 129 mm 
Length: 26m (202D) 
CICLoPE 
Working: fluid air 
Pressure: ambient 
Diameter: 900 mm 
Length: 110m (122D) 
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Friction Reynolds number  Reτ 
Blick von Predappio Alta 
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CICLoPE 
Caproni tunnel complex  
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used for Mushroom farming until recently 
After the removing the mushrooms… 
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•  length: 115 m 
•  diameter: 0.9 m ±0.5 mm 
•  surface roughness: < 10 µm 
•  Reτ : 3000 – 40000 (60000) 
•  Viscous scales: 100 … 10 µm  
•  Umean = ~5 … 40 m/s (55 m/s) 
CICLoPE Facility 
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Conditions   Um [m/s] ReD [-]  R+ [-]  L* [µm] 
DNS (Highest in 2009)  1.4  84,000    2,200  222 
Appearance of log region  11  0.66M  13,000  34 
Design point   38  2.3M  40,000  11 
Maximum power   70  4.3M  71,000  6 
CICLoPE Facility 
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Flow conditioning and contraction Return duct 
Measurement insert  
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Aufbau für Wandnahe PIV Messungen 
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Light source: 
•  Darwin Duo (2x40W) 
•  Pulse width ~300ns 
•  max freq. 10 kHz 
Calibration target 
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Grid 
0.75 x 0.75 mm2 
Up to 25W of laser power… 
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Seeding 
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Vibrations 
•  present at U ≥ 30 m/s 
•  tracked using correlation approach 
•  image shifting before PIV analysis 
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•  47 sequences of 48 GB each (ca. 2.2TB) 
•  acquisition frequency: 100 Hz to 10 kHz 
•  sequence length: 32,000 – 71,000 double images 
•  image size: 200 x 1008, 200 x 2016, 178 x 1008, 178 x 2016 
•  free stream velocities: 5, 10, 20, 30, 40 m/s 
•  magnification factor 1:1 (11µm / pixel) 
•  aperture f# 8 – 11 
•  pulse separation 8 …  60 µs 
•  average laser power 0.7W – 24.2W (double pulses) 
Acquired data 
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Reτ = 20,000   
Uo = 22 m/s  1000 of 70000 samples       10 kHz sample rate 
Time-record of stream-wise velocity profile 
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y=0 
y=11mm 
Time  
also have wall-normal velocity component (and vorticity ωz ) 
Mean velocity profiles 
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Mean velocity profiles 
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Reynolds stress profiles 
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Reynolds stress profiles, incl. hotwire data 
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Reynolds stress profiles, incl. SuperPipe data (NSTAP) 
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Comparison to existing data 
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Spectral scaling in boundary layers and pipes at very high Re 319
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FIGURE 14. Contour plots of spectra in the boundary layer at Re⌧ = 5 ⇥ 103, 20 ⇥ 103
and 70⇥ 103. Lines show trends in the loci of peaks shown in figures 8 and 9; (dashed
lines), y+ = 10, 50, y+OSP, 0.15Re⌧ ;u, location of near-wall spectral peak. Location of outer
spectral peak:E, current data; ⇥, Mathis et al. (2009); +, Hutchins & Marusic (2007).
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FIGURE 15. Contour plots of spectra in the pipe at Re⌧ = 5⇥ 103, 20⇥ 103 and 70⇥ 103.
Lines show trends in the loci of peaks shown in figures 8 and 9; (dashed lines), y+ = 10,
67, y+OSP, 0.15Re⌧ ; u, location of near-wall spectral peak; E, location of outer spectral
peak.
Reτ = 70,000 	Reτ = 20,000 	Reτ = 5,000 	
PIV data clearly shows 
that inner peak 
increases with Re 
Joint Probability Density functions (Joint-PDF) 
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y = 400+ y = 40+ y = 13+ 
sweeps 
ejections 
Reτ = 20,000 (Uo = 22 m/s) 
Joint-PDFs : Pipe vs. Flate Plate Turbulent BL 
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sweeps 
ejections 
y = 400+ y = 40+ y = 13+ 
y = 300+ 
Reτ = 20,000 (Uo = 22 m/s) 
Reτ = 830 (U∞ = 5 m/s) 
•  First application of PIV in new pipe flow facility CICLoPE  
(in operation since 2015) 
•  imaging with spatial resolution of O(10µm) à resolves viscous sublayer 
•  statistical convergence through time-records of up to 70,000 samples 
•  todo: 
•  extract unsteady wall-shear rate 
•  detailed spectral analysis 
•  stereo-PIV measurements in the future 
•  spin-off: mirror-based imaging approach found suitable for application in 
CleanSky2 Project 2-Shaft-Compressor 
Summary – Turbulent pipe flow measurements 
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